Abstract The nodulus and uvula (lobules X and IX of the vermis) receive mossy fibers from both vestibular afferents and vestibular nuclei neurons and are thought to play a role in spatial orientation. Their properties relate to a sensory ambiguity of the vestibular periphery: otolith afferents respond identically to translational (inertial) accelerations and changes in orientation relative to gravity. Based on theoretical and behavioral evidence, this sensory ambiguity is resolved using rotational cues from the semicircular canals. Recordings from the cerebellar cortex have identified a neural correlate of the brain's ability to resolve this ambiguity in the simple spike activities of nodulus/uvula Purkinje cells. This computation, which likely involves the cerebellar circuitry and its reciprocal connections with the vestibular nuclei, results from a remarkable convergence of spatially-and temporally-aligned otolith-driven and semicircular canal-driven signals. Such convergence requires a spatio-temporal transformation of head-centered canal-driven signals into an estimate of head reorientation relative to gravity. This signal must then be subtracted from the otolith-driven estimate of net acceleration to compute inertial motion. At present, Purkinje cells in the nodulus/ uvula appear to encode the output of this computation. However, how the required spatio-temporal matching takes place within the cerebellar circuitry and what role complex spikes play in spatial orientation and disorientation remains unknown. In addition, the role of visual cues in driving and/ or modifying simple and complex spike activity, a process potentially critical for long-term adaptation, constitutes another important direction for future studies.
Introduction
The vestibulo-cerebellum is the oldest part of the cerebellum, and thus, its role in vestibular processing has long been thought to provide significant insights into the functions and computations this important brain structure performs. Historically, much attention has been focused on the flocculus and ventral paraflocculus and their role in motor learning of the vestibulo-ocular reflex [1] [2] [3] [4] . However, another important component of the vestibulo-cerebellum that is phylogenetically well-preserved among different species is the nodulus and uvula (lobules X and IX of the vermis, collectively referred to here as "NU"). These areas of the cerebellar cortex are unique in that they receive projections from more than 70% of vestibular primary afferents (including afferents from both the otolith organs and the semicircular canals), which terminate ipsilaterally as mossy fibers [5] [6] [7] [8] [9] [10] . The major source of secondary afferent mossy fibers originates from the vestibular nuclei [11] [12] [13] [14] [15] [16] [17] . Vestibular information also reaches the NU through climbing fibers, which arise from the contralateral inferior olive, primarily through projections from the β-nucleus and dorsomedial cell column [16, [18] [19] [20] [21] [22] .
Lesions of the NU result in balance problems, spatial disorientation, and deficits in the spatio-temporal properties of the vestibulo-ocular reflex [23] [24] [25] [26] . Thus, its function has been globally linked to spatial orientation/disorientation, although its exact role has remained unknown. Until very recently, characterization of NU Purkinje cell responses was limited to rotations and static tilt, tested exclusively in anesthetized animals [27] [28] [29] [30] [31] [32] [33] . Using such limited vestibular testing, it was reported that simple and complex spike responses reflect activation of the vertical canals and otolith organs [30] [31] [32] [33] . In contrast, despite a clear horizontal canal input [10, 34] , NU Purkinje cells do not appear to modulate during yaw rotation [32, 33, 35] .
Here, we review recent work [36, 37] , emphasizing a potentially very important role of the NU in resolving a sensory ambiguity in the peripheral vestibular system. As the basic features of cerebellar cortical circuitry are conserved throughout the entire cerebellum [38, 39] , it is likely that computations similar to those performed by the NU are performed by other cerebellar areas. We start with a brief outline of the problem.
A Vestibular Sensory Ambiguity
The peripheral otolith system faces a sensory encoding ambiguity: primary otolith afferents, the sensors that detect linear accelerations, respond identically to an inertial motion stimulus (e.g., translational motion during lateral or forward motion) and a change in head orientation relative to gravity (e.g., roll or pitch tilt) [40] [41] [42] [43] . The ambiguity is illustrated with an example of responses from an otolith afferent during translation, tilt, and combinations of these stimuli in Fig. 1a . This example also illustrates the experimental protocol used to address the problem and its solution at the level of single neurons.
Starting from the traces on the left, the first stimulus was a pure left/right translation (1st column, "translation") and the second stimulus was a pure roll tilt (2nd column "tilt"), both at a frequency of 0.5 Hz. All stimuli were delivered in darkness to exclude contributions from visual cues. The peak amplitude of the sinusoidal tilt was adjusted to produce a horizontal linear acceleration component (due to changes in head orientation relative to gravity) that was the same as that during translation [40, 44] . Note that, even though the two movements were quite different, the responses from the otolith afferent were similar for tilt and translation. To facilitate interpretation of cell responses, the bottom traces illustrate the "translation" stimulus, the "tilt" stimulus, as well as the "net acceleration" stimulus. Clearly, the otolith afferent activity was best correlated with the net acceleration stimulus [40, 45, 46] . This observation is further illustrated in the last two columns of Fig. 1 , where the tilt and translation stimuli were combined either out of phase (so that the gravitational and inertial accelerations canceled each other) such that the net horizontal linear acceleration was zero (3rd column, "tilt-translation") or in-phase, such that net acceleration doubled (4th column, "tilt+translation"). Clearly, if the brain relied only on the net acceleration information provided by otolith afferents, the actual motion would not be correctly perceived, resulting in problems of spatial disorientation. However, typically, this does not happen during daily activities. For example, as we swing in the playground, a motion that combines both tilt and translation, we correctly perceive our motion even when our eyes are closed (thus, excluding visual cues).
Indeed, there is now substantial evidence that the brain finds a solution to this ambiguity by combining otolith signals with extra-otolith rotational signals that arise from either the semicircular canals [44, 47, 48] or the visual system [49, 50] . Several computational studies have also tackled this problem to show that theoretically angular velocity signals arising from the semicircular canals can be transformed into estimates of head reorientation relative to gravity. The latter can then be subtracted from net gravitoinertial acceleration, the signal coded by primary otolith afferents, to extract translational motion information [44, 47, [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] .
A Neural Solution in the Cerebellar Cortex
A neural correlate of the solution to the sensory ambiguity inherent in the peripheral otolith system has been found in the simple spike activities of NU Purkinje cells [36, 37] . As illustrated in Fig. 1b , the example Purkinje cell selectively responded during inertial motion (translation), while ignoring head reorientations relative to gravity [37] . Particularly notable is the fact that Purkinje cells modulate during the tilt-translation stimulus, although otolith afferents do not respond to this stimulus (because the net horizontal plane linear acceleration is zero; compare Fig. 1b with 1a ; see also Angelaki [40] ). Direct evidence that canal signals are used to compute an internal estimate of tilt relative to gravity that combines with otolith signals to estimate translation is illustrated in Fig. 1c , which plots a typical NU Purkinje cell response after all six semicircular canals were inactivated [37, 62] . After canal plugging, instead of encoding translation, the Purkinje cell activity resembles the otolith afferent response (i.e., it follows net acceleration). This shows that the tilt-translation responses observed in the intact animal (Fig. 1b, 3rd column) indeed arise from the semicircular canals, as illustrated by the lack of such modulation after canal plugging (Fig. 1c, 3rd column) .
Population data in labyrinthine-intact and canalplugged animals are shown in Fig. 2 . Responses were quantified using a partial correlation analysis in which the responses of each cell to all four stimuli (translation, tilt, tilt-translation, and tilt+translation) were simultaneously fitted with "net acceleration-like" and "translation-coding" models; these models assume that neural firing rate modulation is either due to the net acceleration or due to the translational acceleration component (see the stimuli of Fig. 1 ; see also Angelaki [40] ; Green [55] for details). Computed partial correlation coefficients were converted to z-score equivalents, to facilitate comparison between the two model fits (e.g., see Angelaki [40] for details). Data points falling in the upper/left quadrant (defined by the dashed lines corresponding to a 0.01-level of significance) illustrate cells which were significantly better fit with the translation-coding model. In contrast, data points falling in the lower/right quadrant correspond to cells that were significantly better fit with the net acceleration-like model. Data from a few otolith afferents fell, as expected, in the lower/right quadrant (Fig. 2 , open triangles; data from Angelaki [40] ). In contrast, data from NU Purkinje cells fell in the upper/left quadrant consistent with their encoding of translation (Fig. 2 , black circles; data from Yakusheva [37] ). Notably, however, after canal plugging, NU Purkinje cell data fell in the lower/right quadrant, illustrating that, in the absence of canal signals, the modulation of simple spikes became significantly better fit by the net acceleration-like model (Fig. 2 , gray circles; data from Yakusheva [37] ). These data clearly demonstrate that, when canal signals are no longer available to estimate the component of linear acceleration due to changes in head orientation relative to gravity, NU Purkinje cells respond similarly to tilt and translation.
In summary, by combining signals from both the otolith organs and the semicircular canals, NU Purkinje cells have solved the linear acceleration problem and selectively encode translation. In the next section, we dig deeper into the properties of the two vestibular signals that converge onto Purkinje cells. Specifically, the otolith contribution can be characterized by studying cell responses during pure translation whereas the canal drive can be isolated by studying cell responses during the tilt-translation stimulus (when the dynamic acceleration stimulus to the otoliths is zero and Purkinje cell modulation arises exclusively from activation of the semicircular canals). From left to right, stimuli were translation, tilt, tilt-translation, and tilt+translation (0.5 Hz), all delivered in complete darkness. Note that the translational and tilt stimuli were matched in both amplitude and direction to elicit an identical linear acceleration in the horizontal plane (bottom traces). Straight black and curved gray arrows denote translation and tilt axes of stimulation, respectively. Modified and replotted with permission from Angelaki [40] and Yakusheva [37] Probing the Neural Computation: Spatio-temporally Matched Otolith/Canal Convergence We start by describing the preferred directions of the otolith-driven (translation, Fig. 3a ) and canal-driven (tilttranslation, Fig. 3b ) components of the simple spike response. The preferred directions for both response components in the horizontal plane clustered around the oblique axes (Fig. 3a, b, top) . Here, each dot corresponds to a cell with the distance to the origin denoting response gain, and its angular location denoting its preferred direction (see cartoon drawing). This clustering about oblique axes is particularly notable as it reflects the oblique orientation of the vertical semicircular canals in the head. The clustering of preferred directions close to the canal activation axes is further emphasized by histogram plots (Fig. 3a, b, bottom) illustrating the population distribution of preferred response directions over a range of 0°to 180°(i.e., data have been folded about the 0°to 180°axis). Importantly, even when the preferred directions for Purkinje cells were tested fully in 3D, they remained clustered along the preferred axes of the three semicircular canals [36] .
It was particularly striking that the preferred directions during translation and tilt-translation were precisely matched on a cell-by-cell basis. This is illustrated in Fig. 4a , which plots the distribution of the absolute difference in preferred direction between the otolith-driven and canal-driven components of each Purkinje cell simple spike response. This precise matching also held true for response amplitude (Fig. 4b ) and response phase (Fig. 4c) . The latter is particularly remarkable since the neuronal response phase during translation varies broadly from cell to cell (e.g., Angelaki and Dickman [63] ; Dickman and Angelaki [64] ; Shaikh [65] ), yet the canal-driven response for each Purkinje cell was processed dynamically relative to the velocity-encoding canal afferent signal such that it varied from cell to cell in a nearly identical way.
Evidence of Spatio-temporal Transformation of Canal Signals Within the Cerebellar Cortex
The evidence summarized so far illustrates that canal signals contribute to estimating translation by canceling the gravitational acceleration component of the net acceleration signal encoded by otolith afferents during tilt. But exactly how does this happen? Specifically, since semicircular canal afferents encode angular velocity, how is this information used to create a central estimate of gravitational acceleration? Indeed, to compute this estimate, canal signals must be altered in two important ways [37, 53, 55] :
First, they should make a contribution only when the head reorients relative to gravity. Note that some rotations change head orientation relative to gravity (e.g., pitch/roll from upright, as in Fig. 1 ), whereas others do not (e.g., yaw while upright). A rotation is described as "earth-horizontal (w EH )" if its rotational axis is perpendicular to gravity, while a rotation is described as "earth-vertical (w EV )" if its rotational axis aligns with gravity. Rotations around earthhorizontal axes (e.g., pitch/roll from upright, as in Fig. 1 ) change the head orientation with respect to gravity while rotations around earth-horizontal axes (e.g., yaw while upright) do not. Consequently, to accurately signal reorientation relative to gravity, it is important that Purkinje cells selectively encode only the earth-horizontal component of rotation, w EH , but neither w EV nor w ¼ w EH þ w EV (the signal encoded by canal afferents; see Fig. 5 ). Second, this canal-driven, spatially-transformed signal must be temporally integrated ( R w EH in Fig. 5 ), so that, rather than encoding velocity, they encode tilt position (i.e., a signal approximately proportional to gravitational acceleration).
Both of these predictions were shown to be true when examining the properties of the canal-driven response component of NU Purkinje cells [37] . Specifically, it was shown that, for head orientations close to upright, NU Purkinje cells only encoded the earth-horizontal component of rotation, w EH (rather than w EV or w). This observation is of particular note because it provides a simple explanation for the curious observation that, despite a sizeable horizontal canal input, NU Purkinje cells do not modulate during upright yaw rotation [32, 33, 36, 37, 66] . The absence of yaw Scatter plots of z-transformed partial correlation coefficients for the fits of each cell's responses with the "translation-coding" and "net acceleration-like" models. Black circles represent NU simple spike responses from labyrinthine-intact animals, whereas gray circles represent data from canal-plugged animals. Open triangles illustrate responses from otolith afferents. The superimposed dashed lines divide the plots into three regions: an upper/left area corresponding to cell responses that were significantly better fit (p<0.01) by the translation-coding model; a lower/right area that includes neurons which were significantly better fit by the net acceleration model; and an in-between area that would include cells that were not significantly better fit by either model. Modified and replotted with permission from Angelaki [40] and Yakusheva [37] responsiveness makes sense because, as long as the animal remains upright, the horizontal canal signal during yaw rotation indicates rotation about an earth-vertical axis (w EV ), when there is no change in head orientation relative to gravity. However, as summarized in the previous section, NU Purkinje cells appear to use canal signals to extract changes in head reorientation relative to gravity and do not respond to w EV . Note, however, that if yaw rotation were instead delivered with the animal oriented supine or eardown such that the head did reorient relative to gravity (i.e., the yaw rotation now represents an w EH stimulus; e.g., see Green [55] ; Green and Angelaki [53, 54] ), it is expected that the horizontal canal inputs to the nodulus/uvula would now be effective in driving Purkinje cell responses. This prediction, however, remains to be tested. In summary, the two transformations outlined above ensure that: (1) a canal-driven gravitational estimate is only created during rotations that change head orientation relative to gravity; (2) this estimate is a signal proportional to gravitational acceleration (i.e., a tilt position rather than velocity-like signal) which is temporally appropriate to cancel the gravitational acceleration component of otolith afferent activities. Note also that this represents a simplification that is mathematically accurate only during small tilts relative to gravity when the horizontal gravitational acceleration stimulus activating otolith afferents is propor- Replotted with permission from Yakusheva [36] tional to tilt angle (see Green [55] ; Green and Angelaki [53, 54] for a more accurate description of the mathematical solution in 3D). Such a canal-driven estimate of head orientation could then be subtracted from the net linear acceleration signal provided by the otoliths and used to estimate inertial motion during navigation. Importantly, for this subtraction to work, the canal-driven signal unmasked by the tilt-translation stimulus must be both temporally and spatially matched on a cell-by-cell basis with the cell's response during translation, as already shown in Fig. 4 . This "matched" convergence is a necessary condition for an effective solution to the tilt/translation ambiguity problem. Recently, new evidence that this spatio-temporal transformation of canal signals occurs within the cerebellar cortex has been provided by pharmacological manipulations. Local injection of the GABA-a antagonist, Gabazine (using multi-barrel pipettes), destroys the ability of NU Purkinje cells to encode inertial motion; simple spikes instead respond to net linear acceleration (T.A. Yakusheva, D.E. Angelaki, and P.M. Blazquez, unpublished observations). Thus, removal of inhibition locally in the Purkinje cell layer preserves the otolith-driven response but eliminates the canal-driven response component. These preliminary results suggest that the spatio-temporal transformation needed to convert canal afferent information into an estimate of tilt position relative to gravity might utilize the intricate circuitry of the NU cortex.
Efferent Targets of the Nodulus/Uvula
The computations performed in NU could be used for both perception and motor functions. NU Purkinje cells project primarily to the vestibular nuclei but also to the rostral medial cerebellar (fastigial) nuclei [22, 67, 68] . Unlike the selective coding of translation by all NU Purkinje cells, a mixture of cells encoding inertial motion (translation) or net acceleration was found in these nuclei [40, 55, 62] . It is possible that there is a correlation between the signals vestibular and fastigial nuclei cells encode (i.e., translation versus net linear acceleration) and their connectivity with the nodulus/uvula. Our working hypothesis is that net linear acceleration-coding cells might project to the NU, whereas translation-coding cells are NU-target neurons. This hypothesis is currently being investigated by recording from vestibular nuclei neurons that have been identified as NU-target or NU-projecting neurons based on electrical stimulation of the nodulus/uvula.
A mixture of translation-and net linear accelerationcoding cells was also found in the ventral posterior nuclei of the thalamus to which the vestibular and fastigial/ interposed nuclei project [69] . Other than the NU, the only brain area tested so far in which all neurons reliably encoded translation (as opposed to net acceleration) is cortical area MSTd (dorsal medical superior temporal area) in the dorsal visual stream [70] . This area is thought to be functionally linked to visual/vestibular multisensory integration for heading perception [71] [72] [73] .
The remarkable similarities between the properties of MSTd neurons and those of NU Purkinje cells [70] might represent a physiological signature of a yet-unidentified multi-synaptic interconnectivity. We have hypothesized that there is a functional link between MSTd (and perhaps other extrastriate cortical areas with a role in heading perception) and the nodulus/uvula, which could be mediated by closedloop anatomical circuits, an emerging architecture of cerebro-cerebellar interactions [74] .
The Vestibular System Fails to Resolve the Ambiguity at Low Frequencies
The observations summarized above were made at 0.5 Hz, a frequency commonly experienced in everyday head movements. It is important to clarify that the vestibular system cannot resolve the tilt-translation ambiguity at low frequencies. Below~0.1 Hz, in the absence of other, extra-vestibular cues (e.g., from vision), linear accelerations are incorrectly interpreted as tilt even when generated by translational motion [51, 57, 58, 75, 76] . In fact, it is typically at these low frequencies that perceptual illusions occur ("somatogravic/oculogravic illusions"; see Graybiel [77] ; Clark and Graybiel [78, 79] ). This is because, at low frequencies, the semicircular canals no longer provide a veridical estimate of rotation [80] , and extra-vestibular information, most notably from visual cues, becomes critical in order to avoid spatial disorientation [49, 50, 81, 82] . Remarkably, simple spike NU activity follows these behavioral observations [36] . That is, at low frequencies, canal signals are no longer temporally matched to the otolith response, and thus they are no longer appropriate to cancel the otolith gravitational acceleration component and extract translation. As a result, as frequency decreases, NU Purkinje cells progressively increase their modulation in response to tilt [31, 32, 36] .
Conclusions and Future Directions
The exquisitely elegant circuitry of the cerebellar cortex has often been described as ideal for precise spatial and temporal computations [38, [83] [84] [85] . Here, we have summarized recent evidence that part of this circuitry is likely instrumental in solving a computationally challenging problem related to vestibular function. The mathematical solution to this physical ambiguity involves solving a vector differential equation where estimation of inertial motion along a given direction requires knowledge of the gravitational acceleration along the other directions [44, [53] [54] [55] . We have summarized here evidence that, for the range of motions considered thus far (i.e., small tilts and translation from an upright head/body orientation), the simple spike responses of NU Purkinje cells combine precisely matched otolith-and canal-driven signals to appropriately recover inertial motion information, fundamental for heading perception and spatial navigation.
Although this work has provided a small glimpse into the potential contributions of the cerebellar NU in spatial orientation, it is important to acknowledge that this is just the beginning. We have gained some understanding of the properties of simple spike modulation during translations and tilts at different frequencies, but we still know little about their properties under conditions of sensory conflict and spatial disorientation. Furthermore, the role that complex spikes and other cerebellar cells play in performing the required computations remains unknown. Equally important is the question of how visual cues drive and/or modify simple and complex spike activity and the role of these signals in long-term adaptation. A particularly important focus of future studies will be to investigate the functional connectivity of the NU with cortical areas that have been implicated in heading perception, navigation, and spatial orientation using modern neuroanatomical techniques, including transynaptic tracers. This will provide new insights into the flow of information processing under situations of spatial disorientation, as well as the short-and long-term changes observed in altered gravity environments. Investigations of the midline vestibulo-cerebellum thus promise to provide new insights into the role of the cerebellar cortex in complex spatio-temporal computations and multisensory integration and will continue to help unravel general functional and computational principles of organization of this fundamental brain structure.
